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According to Fermi's theory, the multiple production of particles in high-energy collisions 
should be determined by the statistical weight of the respective states, In the present in
vestigation, the statistical weight is calculated while taking into account the mutual inter
action of pairs of particles, and it is shown that in this case the phase shift of the inter
acting particles is involved as a characteristic of the interaction. In resonance scattering, 
the effect of the scattering reduces to the appearance of an intermediate "isobaric" state 
which should be included in the statistical theory. 

THE STATISTICAL THEORY of multiple produc-
tion as originally suggested by Fermi 1 is well 

known to be in disagreement with experiments. In 
neutron-proton collisions, at energies around 2 Bev, 
the production of two mesons is considerably more 
probable than predicted by the theory 2 • 

Theoretical and experimental results disagree by 
a factor of 20. It was suggested by Nikishov and the 

author 3 to modify Fermi's theory according to the 
following considerations. The cross section of the 

scattering of 11 -mesons against nucleons has a 
strong maximum at a center-of-mass energy of about 

160 Mev. This maximum corresponds to a P-state 
and isotopic spin 3~. These experiments indicate 
the presence of a strong interaction between 17-mes
ons and nucleons in these circumstances. Such an 
interaction must also manifest itself in multiple 
particle production. It is evidently not taken into 
account in the original form of Fermi's theory. 

A strong interaction between mesons and nucleons 
may be described qualitatively through the presence 
of an intermediate, rapidly decaying state of the 
meson-nucleon system with spin % and isotopic 
spin 3~. 

This concept of a so-called "isobaric" state was 
used in a number of articles 5 •6 , including also the 
work of Tamm and his collaborators 7 • We have sug
gested (see Ref. 3) that this isobaric state should · 

be included in the statistical theory of multiple pro
duction, thus effectively allowing for the strong in
teraction between the particles. It was suggested 
that in a collision between two nucleons or a nu
cleon and a meson, there may appear "quasi-parti
cles" (isobaric states of the system) of mass 
1.32 M0 , where M0 is the nucleon mass, having iso
topic spin 3~ and ordinary spin 3~, and rapidly 
decaying into a nucleon and a meson. It was also 
suggested that the probability for the production of 
such "particles" may be determined from their sta
tistical weight. A comparison was made between the 
modified Fermi theory and experimental results on 
the multiple production of mesons in nucleon-meson 
and meson-nucleon collisions in the energy range of 
1.4 to 5 Bev (see Refs. 3 and 8). Comparison shows 
that the theory agrees with experiments regarding 
the probability of various multiple production proc
esses, and also regarding the energy distribution of 
secondary particles. 

In the present article we want to bring up certain 

theoretical considerations regarding the relation 
between resonance scattering and multiple particle 
production. 

First we shall introduce the following example 
suggested by Landau. We shall consider the sta
tistical sum of the etates of a non-ideal gas. In the 
first approximation we shall assume an ideal gas, 
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and in the second we shall include only two-particle 

interactions (see Ref. 9). Uhlenbeck and Beth 10 

have shown that the additional term appearing in the 

sum over the states when two-particle interaction is 

included, may be represented in the following form: 

(l) 

where zl is the sum over states of the discrete 

spectrum of the two particles, and z2 is the sum over 

the continuous spectrum including two-particle in
teraction: 

0) 

1 \ 8Y)l 
Z2 = 7t ~ J (2[ + 1) ap e-P2 imTdp, (2) 

l 0 

where TJ (p) is the phase shift, p the momentum of 
l 

the particle in the center-of-mass system, l the or-
bital angular momentum, T the temperature, and m 

the mass of the particle. If the scattering shows res
onance character for some value of l, then 

o + _, r 
'fjt ='f)! tan Eo-E , (3) 

where TJ~ is the phase shift due to resonance. The 

phase changes by rr when going through resonance. 

If the resonance is sufficiently sharp, then the ex
pression for z2 reduces to 

(4) 

where Po is the momentum at which maximum scat

tering takes place. Expression (4) corresponds to 

an extra "discrete" state of positive energy for the 

two-particle system. 

Now, we shall turn directly to the problem of in

terest and consider a rr-meson-nucleon collision. 

According to the statistical theory, the production 

of n mesons as a result of the collision is propor

tional to the statistical weight of the system con
sisting of one nucleon and n mesons. 

Excluding the interaction of secondary particles, 

the statistical weight is computed by the following 
formula 

[ .Q]n1\n 
S0 (W, n, M0 ) = (2n7i) 3 nf j II dpidpo (W- ~W i- W M) o (Epi + p). (5) 

i=l 

W is here the energy of the system, M0 the nucleon • 

mass (in energy units), n the effective volume (a 

quantity of the order of (4rr/3)(1i/Jlc)3 , where Jl is 

the meson mass), Pi the momentum of the ith meson, 

p the momentum of the nucleon, wi the energy of the 

ith meson, W M the energy of the nucleon, and the 

0-fun.ction insures conservation of energy and mo

mentum. The integration is to he carried _out over 

the momentum space of all the mesons and of the 

nucleon. 

Now let us compute the statistical weight includ
ing the interaction of the nucleon with the mesons. 

We shall assume two-particle interaction. First let 

us single out in Eq. 5 a pair of particles, say a nu

cleon and a meson. We transform to the variables 
Pc and p ', where Pc is the momentum of the center of 

mass of the nucleon-meson system, and p' is the mo

mentum of the meson (or the nucleon) in the center

of-mass system. The formula for the statistical 

weight may then he written in the following form: 

n-1 n-1 n--1 
s<1l (W, n, Mo) = 2} [(2~)3 r-1 ~! ~IT dpidpca(w- ~ wi- We- W') a (.L Pi+ Pc). (6) 

p' i=1 i=1 i=l 

W c is here the kinetic energy of the center of mass 

of the two particles, and W ' is their total energy in 
the system where their center of mass is at rest. 

We shall sum over all possible states of the nu
cleon-meson system in the same fashion as this was 
done for a non-ideal gas (see Ref. 9). At large dis

tances, the wave function for the state with orbital 
angular momentum l and momentum p' has the follow

ing well-known asymptotic form 

w = -- s1n -- r -- -- + "flt , const . ( p' lr= ) 
' r 1i 2 "1 • (7) 

The phase shift TJt depends on the specific form of 

the particle interaction. Let the range of r be limited 
to some large hut finite radius R0 • The possible 
values of the momentum are then determined by the 

condition 
RoP'/h -l-.j2 + 'ljt =ST., (8) 
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where s is an integer. If R0 is sufficiently large, one may assume that s varies continuously and transform 
the summation in Eq. 6 to an integral 

s<1)(W, n, M0) = ~ s~) = ~ ~ (2! + 1)S~) ~- ( R_;_- + ~;;) dp', (9) 

p' l 

where S~~> is the expression appearing in Eq. 6 
after the summation sign; the factor (2l + 1) and the 
sum over l is related to the angular momentum de
generacy. The first term in Eq. 9 gives the stat is-

We have transformed here from the variable p' to the 
variable IV (W' is the total energy in the center-of
mass system), which is uniquely related to p'. Equa
tion lO should be multiplied by n to allow for the 
presence of the n mesons. The resulting expression 
for the statistical weight including two-particle 
interaction between nucleon and mesons is written 
as follows: 

S (W, n, M 0) = S0 (W, n, M 0) 

+ ~ 21 ~ 1 ~ S0(W, n- 1, W') :;:, dW' . 
(ll) 

l 

The formula for S0 (W, n, M0) is obtained here from 
Eq. 5, and S0 (W, n - 1, W') is the statistical weight 
for n non-interacting particles: n - 1 mesons and 
one heavy "particle" of mass IV. Let us assume 
that the scattering exhibits a resonance character 

for some value of l. If the resonance is sufficiently 
sharp, the function S0 (W, n - 1, W') may be removed 
from under the integral sign and its value taken at 
the point W' = W 0 corresponding to the maximum of 
aru!aW', and the integral f(a.,u!aW')dlf'= TT. If we 

substitute for the second term of Eq. ll just the 
term corresponding to resonance scattering, we 
obtain 

S (W, n, M0) =So (W, n, M0) 

+(2!+ 1)S0 (W,n-1, W0 ), 

(12) 

where W0 = M0 + f.l + E0 , and Eo is the kinetic energy 
of the nucleon and the meson for the case of reso-
nance. 

Thus the second term of Eq. 12 which includes 
the meson-nucleon interaction formally corresponds 
exactly to a system of n - 1 mesons and a nucleon 
in an " isobaric" state. At the same time, Eq. 12 

tical weight exclusive of the interaction, i.e., it 
leads to Eq. 5; the second term which includes the 
two-particle interaction reduces to the following 
expression: 

gives the statistical weight for the production of one 
nucleon and n mesons. It should be noted that it is 
not clear whether the interaction may generally be 

limited to a two-particle type of interaction. This is 
a natural assumption, however, for the case of the 
specially strong two-particle interaction which cor
r~sponds to resonance scattering. Similarly, if we 
consider the collision between two nucleons, it is 
necessary to include the simultaneous interaction of 

the two nucleons with the mesons. Augmenting Eq. 
12, we obtain 

SNN= ~2[':1 ~21;1 
l' l 

\'\ dTJ d ' 
X.).) S0 (W, n- 2, W', W") a~' 0;, dW'dW". (13) 

S0 (W, n - 2, W', W ") is here the statistical weight 
for n non-interacting particles: n - 2 mesons and 
two "heavy particles" of mass W' and W". If the 
scattering exhibits resonance character for some 
value of l, Eq. 13 reduces to the following expres
sion: 

This expression formally corresponds to the statis
tical weight for a system consisting of n - 2 mesons 
and two nucleons in an "isobaric" state. If it turns 
out that the scattering of rr-mesons against rr-mesons 
exhibits resonance character at certain energy values 
(there is an indication of this in the literature 12), 

it will be necessary to include analogously the 
rr-meson interaction in computing the statistical 
weight. 

Let us consider the following example. 1\'e shall 
compute the statistical weight corresponding to the 
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production of a system of one nucleon and two mes

ons as a result of a meson-nucleon collision. 
This statistical weight is determined by the fol

lowing expression: 

S (W, 2, M 0) = S0 (W, 2, Mo) 

+ ~ 21 + 1 \ S (W 1 W') aYJz dW' 
kJ ,. J o ' ' aw' · 
l 

(15) 

The formula for 50 (U', 1, W') has a simple analytical 
form (see for example Ref. 3): 

So (ltl, 1, W1) 

= c (W 2 - [L2 - WJ) (1 - (Wi- [L2)2 I W4 ). (16) 

C is here a coefficient which is independent of 
W1 = W'. If (WJW) 4 < 1, the second term in parenthe
sis is practically equal to l. We shall assume that 
this condition is satisfied. Indeed, when W1 = 1.23 
Bev and W = 2 Bev, the ratio (W1/W)4 is on the order 
of 12 percent. Let us assume that the scattering 
shows resonance character for some value of l, and 
the phase shift is obtained from Eq. 3. We shall 
assume the quantity 1' is independent of the energy; 
we find, then 

where E 1 = U\ - M0 - Jl· 
The second term of Eq. 15 may now be written as 

follows: 

Em ax 
(18) 

S2 = ~ ~ [W 2 - !J.2 -(Mt + £1)21 r2 + ~::~ £ 1)2 • 
0 

where c1 is a constant, and 

Let us transform to the variable 8 = E 1 - E0 ; the 
integration is then easily carried out, and we obtain 
the following result: 

( tan-1 l'W,2- fL2_ M2 
. r 

r2 + (VW2- fL2- M2)2 

r2+£~ 

(19) 

+f2(tan-1 VW2-r-M2 - tan-1 (-~o)). 

M2 = M0 + J1 + E0 is here the mass of the nucleon in 
the "isobaric" state. It is easily seen that as r 
tends to zero, 52 = C0 (IP - J12 - M~). This expres
sion corresponds to the statistical weight of a' sys
tem of two particles having respectively mass J1 
(meson) and M2 ("isobaric" state of the nucleon). 

Let us assume now that r = E0 /2 and E0 = 160 Mev. 
These values are close to the values obtained from 
experiments on the scattering of 17-mesons against 
nucleons (see Ref. 13). r is given here the value 
it had at an energy of E0 • Actually it turns out to 

be a function of E 1 • We shall evaluate Eq. 19 for 
W = 1.9 Bev. This corresponds, in the laboratory 
system, to an incident 17-meson energy of 1.37 Bev. 
We find that the value of 52 for r = E0 /2 is 0.78 
times the value for 52 for r = 0. In this case the 

computation of the level width leads to a correction 
which it is hardly worth considering in view of the 

approximate nature of the whole theory. This cor
rection is even smaller at higher energies. 

An attempt to compute the nucleon-meson interac
tion in the framework of the statistical theory was 
also made by Kovacs 14 • That analysis, however, 
introduces, along with statistical notions, certain 

matrix elements which are evaluated by applying a 
specific type of meson theory. The computations 
are extremely difficult. It seems to us that it is in

consistent to combine a statistical theory of phe
nomenological character with computations based on 
a certain variant of meson theory which appears 

doubtful itself. 
In conclusion, the author wishes to express his 

gratitude to L. D. Landau for a discussion of the 
subjects considered in this article. 
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The mean statistical characteristics (velocity, heat current, stress tensor, etc.) have 
been determined for transport phenomena in a plasma located in a magnetic field. 

THE PRESENT ARTICLE develops the theory 
of a plasma located in electric and magnetic 

fields (a brief account of the principal results of 
the author's analysis 1 is presented here). A meth
od of approximations is used to solve the Boltz
mann equation. The essence of this method lies 
in computing the terms of the distribution function, 
expanded in powers of some small parameter char
acteristic of the specific problem. One thus finds 
a so-called "local" distribution function which 
must be understood in the following sense: the 
complete distribution function is a function of 6 
variables (3 coordinates and 3 velocity components) 
while the "local" distribution function depends ex
plicitly upon the velocity only, and its dependence 
upon the coordinates enters only through the exter
nally-acting forces and the mean statistical char
acteristics (temperaturt, density, and in general, 
velocity of the center of mass), which play the role 
of parameters. The dependence of these character
istics upon the coordinates is obtained by solving 
a certain system of equations which also arise from 
the Boltzmann equation. These equations represent 
a generalization of the well-known hydrodynamical 
equations. 

1. As is well known 2 , the Boltzmann equation for 
particles of type s, mixed with particles of other 
types, has the following form in the presence of 
magnetic and electric fields (the notation is that 
used by Chapman and Cowling): 

{1) 

It will later be found convenient to rewrite the 
Boltzmann equation (l) in terms of a new set of in
dependent variables; specifically, we transform the 
velocity of particles of a given type into their vel
ocity with respect to the center of mass. The latter 
is given by the following formula: 

Eq. (l) takes the following form in terms of the new 
variables (henceforth, we write v for vrel): 


